THE SEX-DETERMINING REGION Y-box 9 (SOX9) gene belongs to a superfamily that is characterized by the presence of a homologous high-mobility group (HMG) sequence. The SOX HMG domain binds to specific DNA sequences and activates transcription of target genes. SOX9 regulates cell lineage specification by directly regulating target genes in a discrete number of tissues (2, 3, 6, 9, 24, 30) . In normal intestinal epithelium, SOX9 is localized to the nuclei of crypt epithelial cells, which include terminally differentiated Paneth cells, stem cells, and a subset of transit-amplifying (TA) cells (25) . Recent reports have shown that SOX9 is also expressed in tuft cells, an additional type of secretory cells that comprise 0.4% of epithelial cells in the villi and crypts, although SOX9 is not critical for their differentiation (17) . We and others previously reported that inactivation of the Sox9 gene in mouse intestinal epithelium resulted in increased proliferation, indicating that SOX9 suppresses proliferation in vivo (5, 25) . Furthermore, it has been reported that ectopic expression of SOX9 at high levels suppresses proliferation of the intestinal epithelial cell line IEC-18 (16) . However, the mechanism by which SOX9 suppresses proliferation or the target for SOX9 activity has not been determined.
Both oncogenic and suppressive roles of SOX9 in various cancers, including breast, prostate, and ovarian cancers and melanomas, have been reported. In intestinal epithelium, some reports have suggested an antioncogenic role for SOX9 (1, 12, 20, 34) , while others have demonstrated an oncogenic role (22, 23) . A recent genome-scale analysis of human colorectal cancer (CRC) identified SOX9 as one of the frequently mutated genes, and mutations in SOX9 were frame-shift or nonsense mutations (8) . However, the role of SOX9 in tumorigenesis has not been determined, and only a few direct targets of SOX9 in intestinal epithelial cells have been identified. These targets include the tumor suppressor carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM 1) (34) , PKC␣ (14) , and Bmi1 (23) .
IGFBP-4, an insulin-like growth factor binding protein (IGFBP), is expressed in a variety of tissues, and its expression is regulated by different mechanisms in a cell type-specific manner. IGFBPs have rapidly gained attention as key players in a wide range of cellular events, such as proliferation, differentiation, apoptosis, and transformation (21) . IGFBPs are important secreted proteins that exhibit high-affinity binding to growth factors (IGF-I and IGF-II) and modulate their bioavailability (11, 13) . IGFBP-4 is expressed in a variety of tumor cells, including human CRC cells, where it inhibits the function of IGFs and, thus, reduces cell proliferation and DNA synthesis (31) . Epidemiological studies have also shown that high circulating levels of IGF-I and IGF-II are associated with an increased risk for several types of cancers, including colorectal, breast, prostate, lung, and pancreatic cancers (10, 18, 27, 32, 33) .
In this study, we identified IGFBP-4 as a SOX9 target gene that contributes to the suppression of proliferation in normal mouse intestinal epithelium and Apc Min/ϩ adenomas. The antiproliferative activity of SOX9 was further tested in vivo in Sox9-deficient Apc Min/ϩ mice. We demonstrate for the first time that SOX9 directly regulates IGFBP-4 gene expression in the intestinal epithelium and in CRC and that the resulting expression of IGFBP-4 suppresses cell proliferation in normal intestinal epithelium and CRC cells.
MATERIALS AND METHODS
Mice. Sox9 was inactivated specifically in the intestinal epithelium (Sox9 flox/flox ;VilCre ϩ/Ϫ ), and the phenotypes of these mice are described elsewhere (25) . Mice were backcrossed to a C57BL/6 background for Ͼ10 generations prior to the experiments. C57BL/6 Apc Min/ϩ heterozygous mice were purchased from Jackson Laboratory (Bar Harbor, ME) and crossed with Sox9-deficient mice to generate double-mutant (Sox9 flox/flox ;VilCre ϩ/Ϫ ;Apc Min/ϩ ) mice. All mice were bred and maintained in specific pathogen-free conditions at Baylor College of Medicine. All experiments were performed with the approval of the Institutional Animal Care and Use Committee of Baylor College of Medicine.
Collection of crypt cells. Intestinal epithelial cells were collected from crypts of jejunum of 3-mo-old Sox9-deficient mice and their littermate controls and subjected to RNA extraction for microarray, as well as quantitative RT-PCR (qRT-PCR). Briefly, inverted small intestinal samples on glass rods were incubated in 1 mM EDTACa 2ϩ -and Mg 2ϩ -free Hanks' balanced salt solution at 37°C for 5 min and subjected to controlled vibration in Hanks' solution. Cells were collected in ϳ12 successive fractions with 5-min incubations in 1 mM EDTA solution between each fraction collection. The final crypt-rich fractions (Ͼ98% crypts, on the basis of microscopic examination) were used as crypt-rich samples for the experiments.
RNA extraction and qRT-PCR. Total RNA was extracted from intestinal crypt epithelial cells of Sox9-deficient mice and their littermate controls or cultured cells using the TRIzol reagent (Life Technologies, Carlsbad, CA) and treated with RNase-free DNase (Roche, Indianapolis, IN). Total RNA from laser capture microdissection samples was isolated using the RecoverAll Total Nucleic Acid Isolation Kit (Life Technologies).
The cDNA was synthesized using the Transcriptor First Strand cDNA Synthesis Kit (Roche). Real-time qRT-PCR analysis was performed using FastStart Universal SYBR Green Master Mix (Roche) and amplified (model 7900HT, Applied Biosystems). Primer sequences are as follows: 5=-CATCAAGACGGAGCAGCTGAG-3= (forward) and 5=-ATGGT-CAGCGTAGTCGTATTG-3= (reverse) for mouse Sox9, 5=-TCGTGTGT-GTGTGTTTATAG-3= (forward) and 5=-ATTCCTATTGCTACACT-CAG-3= (reverse) for mouse Igfbp-4, 5=-TGCAGGAGGAGAA-GAGAAGG-3= (forward) and 5=-GTGGCCAGTTCACAGCTGC-3= (reverse) for human SOX9, 5=-CGCAACGGCAACTTCCACC-3= (forward) and 5=-CAGGCCTCACTCTCGAAAGC-3= (reverse) for human IGFBP-4, 5=-CGCCCCCAGCAGACTTCAC (forward) and 5=-CTC-CTCTTTTGCACCCCTCCCATTT (reverse) for human SOX2, 5=-GGCCTCGAGCTGGGAATCGC (forward) and 5=-GCCCACTC-GGGGTCTTGCAC (reverse) for human SOX4, 5=-AGGATCTCGCTG-GAAATCAA (forward) and 5=-CTGCCTCATCTCCTGTCTCC (reverse) for human SOX6, and 5=-GAGGCTGAAGAGGCTGACAG (forward) and 5=-ATCTTTCAGTGTGGGTGC (reverse) for human SOX10. The relative changes in gene expression were analyzed using the 2 Cell culture and transfection. Caco-2 cells were cultured in Eagle's MEM containing 10% FBS. DLD1, HT-29, HCT116, LS-174T, and Lim6 cells were cultured in DMEM containing 10% FBS. After overnight culture, the basal levels of SOX9 and IGFBP-4 in these cells were evaluated using Western blotting. To overexpress SOX9, SOX9-pcDNA was transfected using FuGENE 6 transfection reagent (Roche). For SOX9 knockdown, human SOX9 small interfering RNA (siRNA; ON-TARGETplus SMARTpool, Thermo Scientific, Lafayette, CO) was transfected using DharmaFECT 1 siRNA Transfection Reagent (Thermo Scientific). For Western blot and quantitative PCR analysis, cells were collected 48 h after transfection. For cell proliferation assays, cells were analyzed 72 h after transfection. Western blot experiments were performed in triplicate using independent samples from treated cells. Rabbit anti-SOX9 (Millipore) and rabbit anti-IGFBP-4 (Santa Cruz Biotechnology, Dallas, TX) were used. Bands were quantified for statistical analysis, and P values were obtained.
Cell proliferation assays. For the bromodeoxyuridine (BrdU) incorporation assay and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, Caco-2, DLD1, HCT116, and HT-29 cells were seeded at a density of 5,000 cells per well in 96-well plates. After overnight incubation, cells were transiently transfected with SOX9-expressing plasmids or SOX9 siRNA. Each transfection was performed in nine replicate wells and repeated twice. For the experiments in which cultured cells were treated with a neutralizing antibody against IGFBP-4 (Santa Cruz Biotechnology), the antibody was added to each well (final concentration 1 g/ml) 2 days after transfection. At 3 days after transfection, BrdU incorporation was measured using the Cell Proliferation ELISA-BrdU Kit (Roche) and MTT assays were performed using the MTT Cell Proliferation Assay Kit (American Type Culture Collection, Manassas, VA) according to the manufacturers' instructions. Absorbance from the experimental wells was corrected by basal absorbance from control wells containing culture medium alone, without cells.
Reporter assays. Cells were transfected with 200 ng of pGL3-reporter plasmids or the pGL3 empty vector, 100 or 400 ng of the expression plasmid, or the empty control vector and 2 ng of the TK standardization vector used to normalize the transfection efficiency. At 48 h after the transfection, luciferase activity was measured using the Dual Luciferase Reporter Assay system (Promega). Renilla luciferase activity was used as the transfection control. Assays were performed in triplicate.
Chromatin immunoprecipitation analysis. Chromatin immunoprecipitation (ChIP) experiments were performed using the ChIP-IT Express Kit (Active Motif, Carlsbad, CA) with minor modifications. Cells were cross-linked with 1% formaldehyde, and the chromatin was isolated by addition of lysis buffer (Active Motif) and then disrupted with a Dounce homogenizer. The lysates were sonicated to shear the DNA to an average length of 300 -500 bp. To prepare input DNA, aliquots were removed and treated with RNase followed by proteinase K and then de-cross-linked. DNAs were purified and quantified. An aliquot of chromatin was precleared with protein A-agarose beads (Life Technologies) and then incubated with an anti-SOX9 antibody (Millipore). The immune complexes were eluted and reverse-cross-linked. ChIP DNAs were purified, and ChIP enrichment was assayed by quantitative PCR (qPCR) in triplicate. The resulting signals were normalized for primer efficiency using qPCR for each primer pair and input DNA to obtain the fold enrichment. The primers were designed to amplify a region covering 2 kb upstream of the transcription start site of the human IGFBP-4 gene, and a control primer pair was designed to amplify a region in a gene desert on chromosome 12. Primers used for ChIP qPCR are as follows: Ϫ124 to Ϫ189 [5=-GCCTGCTACAGCTTCCAAAC-3= (forward) and 5=-CCGC-CGCATCTGAAAGTC-3= (reverse)], Ϫ404 to Ϫ482 [5=-TTCTGTGC-CCCTAGCTGTG-3= (forward) and 5=-GGTGCTTCCAGCCTCAAC-3= (reverse)], Ϫ589 to Ϫ671 [5=-TGAGAGGCAAACATCCAAGA-3= (forward) and 5=-CTTCCCCAAGATGGAATCAG-3= (reverse)], Ϫ807 to Ϫ885 [5=-CAGCCTCCAAAAGTGCTGAC-3= (forward) and 5=-ATTTCCCAGATGGCAGTGAA-3= (reverse)], Ϫ1882 to Ϫ1969 [5=-GGAAGAATGGGTGGGAATTA-3= (forward) and 5=-TTGAGAA-GAGCCCTGGAGTG-3= (reverse)], and control [5=-TGAGCATTC-CAGTGATTTATTG-3= (forward) and 5=-AAGCAGGTAAAGG-TCCATATTTC-3= (reverse)]. Min/ϩ mice) were euthanized at 5 mo of age, and intestines from duodenum to distal colon were dissected, fixed in formalin, and embedded in paraffin. Hematoxylin-eosin-stained FFPE sections were used for adenoma measurements and counts. Areas of each adenoma were measured under a microscope using NISElements Imaging software (Nikon, Melville, NY). The total numbers of adenomas per section were counted and averaged. For laser capture microdissection, adenoma tissues were collected from unstained FFPE sections using the ArcturusXT Laser Capture Microdissection System (Life Technologies).
Statistical analysis.
Values are means Ϯ SD. Differences between the two groups were analyzed using an unpaired Student's t-test. P Ͻ 0.05 was considered significant.
RESULTS

Igfbp-4 expression is regulated by SOX9 in mouse intestinal epithelium in vivo.
To identify potential SOX9 target genes that regulate proliferation in the intestinal epithelium, we performed microarray analysis using crypt epithelial cells isolated from mice in which Sox9 was inactivated specifically in the intestinal epi- ; GEO/GSE35481). Microarray analysis identified Igfbp-4 among the genes most significantly downregulated in Sox9-deficient mice. To confirm microarray results, we performed qRT-PCR analysis using Sox9-deficient crypt cells. Consistent with the microarray data, Igfbp-4 gene expression was significantly (6-fold, P Ͻ 0.01) downregulated in the Sox9-deficient mouse crypt cells compared with the wild-type littermate control samples (Fig. 1A) . Similarly, Western blotting showed that IGFBP-4 protein was significantly downregulated in Sox9-deficient mouse crypt epithelial cells (Fig. 1B) .
SOX9 and IGFBP-4 colocalize in mouse intestinal epithelium and in primary human CRC.
Immunohistochemistry staining revealed that the expression pattern of IGFBP-4 highly resembled that of SOX9 in the normal mouse small intestine and colon, with both being localized to the lower half of the crypts (Fig. 1, C and D, left) , while in Sox9-deficient mice, IGFBP-4 was no longer detectable in the small intestine or colon (Fig. 1,  C and D, right) .
Costaining experiments using immunofluorescent-labeled antibodies on mouse small intestine clearly indicated that IGFBP-4 was localized in the cytoplasm of crypt epithelial cells and solitary villus cells that expressed SOX9 in the nuclei (Fig. 2, A and B) . The cells in the small intestinal villi that expressed SOX9 and IGFBP-4 consisted of Ͻ1% of the total villus epithelial cells. Similarly, in the colon, IGFBP-4 was expressed in the cytoplasm of the cells that expressed SOX9 (Fig. 2C) . DCLK-1, a tuft cell-specific marker, and IGFBP-4 were coimmunostained in Sox9-deficient and littermate control mouse intestines. IGFBP-4 and DCLK-1 were coexpressed in the solitary cells of the wildtype villus epithelium, whereas DCLK-1-positive cells no longer showed IGFBP-4 expression in Sox9-deficient mice (Fig. 2D) . This observation strongly indicates that IGFBP-4 expression is SOX9-dependent. Normal human colon specimens exhibited a similar expression pattern for SOX9 and IGFBP-4 (Fig. 3A) . To determine if SOX9 and IGFBP-4 also colocalize in human CRC, we performed immunofluorescence staining on human primary CRC specimens. Five of six specimens were SOX9-positive, and all showed IGFBP-4 expression colocalized with SOX9 (Fig. 3B) . Furthermore, the specimen negative for SOX9 also showed significantly less IGFBP-4 immunostaining (Fig. 3C ). (15, 28, 35) . We measured the expression of IGFBP-4 and SOX9 in CRC cell lines, including Caco-2, DLD1, HT-29, HCT116, Lim6, and LS-174T cells. All cell lines expressed SOX9 and IGFBP-4. Furthermore, the expression level of IGFBP-4 was relatively low in low-SOX9-expressing cells but relatively high in high-SOX9-expressing cells (Fig. 4A) . Caco-2 cells have been reported to differentiate to an intestinal phenotype upon reaching confluency, and IGFBP-4 mRNA expression is correlated with reduced cell proliferation (19) . We examined the relative expression levels of SOX9 and IGFBP-4 in Caco-2 cells at different time points. Weak expression of IGFBP-4 and SOX9 was detected in undifferentiated Caco-2 cells at day 0, and IGFBP-4 and SOX9 expression coordinately increased with differentiation until day 7, when both showed the highest levels of expression. Subsequently, IGFBP-4 and SOX9 expression decreased by day 12 (Fig. 4B) .
SOX9 regulates cell proliferation through IGFBP-4 in human CRC cells. IGFBP-4 expression has been reported in several cancer cell lines, including most CRC-derived cell lines
To determine if the IGFBP-4 expression levels can be altered by SOX9, we transfected SOX9-pcDNA into Caco-2 ( Fig. 4C ) or DLD1 (data not shown) cells, which showed relatively lower endogenous SOX9, to overexpress SOX9. We also knocked down SOX9 expression using siRNA in HT-29 and HCT116 cells, which showed higher endogenous SOX9 levels ( Fig. 4D and data not shown) . We confirmed by qRT-PCR that expression of SOX9, but not other members of the SOX transcription factor gene family, was specifically knocked down by the SOX9 siRNA (Fig. 4E) . Western blot analysis confirmed that IGFBP-4 expression was increased 48 h after transfection with SOX9-pcDNA in Caco-2 and DLD1 cells (Fig. 4C and data not shown) , while knockdown of SOX9 significantly reduced the expression of IGFBP-4 in HT-29 and HCT116 cells (Fig. 4D and data not shown) . Furthermore, overexpression of SOX9 in Caco-2 and DLD1 cells showed a small, but significant, reduction in proliferation (Fig. 4C and  data not shown) . This reduction of cell proliferation by SOX9 was restored following treatment with a neutralizing antibody against IGFBP-4 (Fig. 4F) , suggesting that SOX9 requires IGFBP-4 to regulate proliferation. In contrast, knockdown of SOX9 correlated with increased proliferation in HT-29 and HCT116 cells (Fig. 4D and data not shown) .
SOX9 transactivates the IGFBP-4 promoter in human CRC cells. Sequence analysis of the human, bovine, mouse, and rat IGFBP-4 promoter regions revealed a high degree of homology within a 1-kb region upstream of the transcription start site (72% for human and bovine, 70% for human and rat, and 68% for human and mouse). The mouse and human IGFBP-4 promoters share 79% homology within the region 200 bp upstream of the transcription start site.
To determine if SOX9 transactivates the IGFBP-4 promoter, we cloned the 2-kb human and mouse IGFBP-4 promoters, which contain the high-homology region, into the pGL3 luciferase vector. In Caco-2 and DLD1 cells, luciferase activity of the human and mouse IGFBP-4 reporters was significantly increased in a dose-dependent manner (Fig. 5A and data not shown). To test if this regulation was mediated by the transcriptional function of SOX9, reporter plasmids were cotransfected with SOX9 constructs carrying mutations in the HMG DNA-binding domain (SOX9-HMG-M). The SOX9 plasmid with the mutant HMG domain did not transactivate the IGFBP-4 promoter (Fig. 5B) , which indicates that activation was mediated by direct binding of SOX9 to the IGFBP-4 promoter. Indeed, there are five SOX9 consensus sequences, (A/T)(A/T)CAA(A/T)G, in this region of the human IGFBP-4 promoter, allowing for up to two mismatches. To determine the putative SOX9 responsive element, 2-bp mutations were made at each of these sites. When cotransfected with SOX9, only the reporter plasmid with a mutation at positions Ϫ162 to Ϫ161 showed a significant decrease in luciferase activity (Fig. 5, C  and D) .
To further confirm SOX9 binding to the IGFBP-4 promoter, ChIP experiments were performed in HT-29 cells using a SOX9 antibody. qPCR analysis was performed using primer pairs spanning the IGFBP-4 promoter region, and significant enrichment of DNA fragments was observed in the promoter region close to the transcription start site compared with the control primer pair that amplified a region in a gene desert on chromosome 12 (Fig. 5E) Min/ϩ control mice (P ϭ 0.03; Fig. 6B, left) , and the difference was more significant in the number of large (Ͼ1-mm 2 ) adenomas (Fig. 6B, right) , while the difference in number of small (Յ1-mm 2 ) adenomas was not significant (P ϭ 0.14), suggesting that SOX9 suppresses tumor growth in Apc Min/ϩ adenomas.
DISCUSSION
The role of SOX9 in cell proliferation in CRC has been the focus of several recent studies. Previous studies using conditional inactivation of Sox9 showed that SOX9 suppresses proliferation in the mouse intestinal epithelium (5, 16, 25) . Similarly, gain-of-function and loss-of-function studies in CRC cell lines, as well as in IEC-18 cells, have shown that SOX9 suppresses proliferation and reduces tumorigenicity (14, 16) . In this study, we identified IGFBP-4 as one of the SOX9 direct target genes that regulates cell proliferation in the intestinal epithelium. The effects of SOX9 in luciferase assays with IGFBP-4 promoter constructs were relatively modest, while inactivation of Sox9 almost abolished IGFBP-4 expression in mouse intestinal epithelium. We speculate that IGFBP-4 might have enhancer elements in addition to the one identified in the promoter region. In fact, in chondrocytes, SOX9 has been reported to have more than two binding sites on most of its target genes (26) .
New reports have suggested that SOX9 may have a proliferation role as well. A recent report demonstrated that SOX9 promotes proliferation and represses the tumor suppressor Ink4a/Arf through activation of Bmi1 (23) . Another recent report demonstrated a bimodal role for SOX9 in the intestinal epithelium, where low levels of SOX9 expression support proliferative capacity, while high levels of SOX9 expression suppress proliferation (16) . Therefore, the contradictory data regarding the function of SOX9 may be the result of use of different levels of SOX9 in different studies. In fact, the expression level of SOX9 is cell type-specific among mouse intestinal epithelial cells, with the highest level in terminally differentiated Paneth cells and tuft cells and a much lower level in transit-amplifying cells.
Our in vivo data from Sox9-deficient Apc Min/ϩ mice indicate that SOX9 suppresses tumor growth and SOX9 directly regulates the expression of IGFBP-4. Taken together, the data presented in this report provide strong evidence that SOX9 has an antiproliferative function through direct regulation of IGFBP-4 in CRC. Although Sox9 inactivation in Apc Min/ϩ mice accelerated tumorigenesis compared with wild-type Sox9 expression, the difference was relatively modest. We speculate that the modest difference could be due to SOX9 support of cancer stem cells through Bmi1 as well as tumor-suppressive target genes at the same time. In fact, the difference was more significant in the number of larger adenomas, while the difference in the number of small adenomas was not significant. This suggests that SOX9 suppresses tumor growth but likely does not suppress tumor initiation. Further studies are required to determine the role of SOX9 in CRC tumor formation.
Our study is the first to demonstrate the loss of function of SOX9 in Apc Min/ϩ mice. Inactivation of Sox9 resulted in increased numbers of large adenomas, indicating that loss of SOX9 increases tumor growth. It would be of interest to study the correlation between timing of silencing of SOX9 and the outcome of CRC cases, because SOX9 has recently been identified as one of the frequently mutated genes in CRC.
Although the inhibitory regulation of SOX9 on Wnt/␤-catenin has been demonstrated in several studies (4, 5, 7) , it is likely that SOX9 regulates proliferation in intestinal epithelium through distinct mechanisms, one of which is due to the transcriptional regulation of SOX9 on IGFBP-4. In addition to the inhibitory function of IGFBP-4 on IGF-I and IGF-II, IGFBP-4 has also been identified as an inhibitor of canonical Wnt signaling (36) . IGFBP-4 has been shown to physically interact with the Wnt receptor Frizzled 8 (Frz8) and the Wnt coreceptor low-density lipoprotein receptor-related protein 6 (LRP6) and inhibit the binding of Wnt3A to Frz8 and LRP6 during cardiogenesis (36) . However, in the CRC cells, where activation of the Wnt/␤-catenin pathway is constitutively active, it is likely that the modification of interaction of Wnt3A with Frz8 has no effect on the activity of the Wnt/␤-catenin pathway in these cells. This was confirmed through Top-flash reporter assays showing that IGFBP-4 had no effect on the Wnt/␤-catenin pathway in human CRC cells (data not shown). We also determined here that the suppression of cell proliferation is at least in part due to SOX9 regulation on IGFBP-4.
Activation of the insulin-IGF pathway is an important risk factor for the development of CRC (29) ; therefore, elucidating the mechanism of SOX9 involvement in this pathway is critical to the development of treatment strategies for CRC.
